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YAP-REGULATED EPITHELIAL-FIBROBLAST  
CROSSTALK 
SHOHEERA KHALIQDINA 
ABSTRACT 
 According to the Centers for Disease Control, cancer is one of the leading causes 
of death in the United States. Characterized as a disease that develops as a result of an 
unstable genome, cancer is known to arise from numerous spontaneous mutations in the 
DNA of cells. Recent evidence shows that cancer cells within tumors are not self-reliant; 
rather, they progress along with other cells in their surrounding environment. Tumor cells 
recruit neighboring cells that, like the cancer cells, also become deregulated, forming the 
tumor stroma that aids in tumor progression. Within the stroma, cancer-associated 
fibroblasts (CAFs) play a vital role in the progression of cancer. Recent studies have 
found an important link between increased matrix stiffness surrounding the tumor and the 
invasion of the tumor. Thus, it is proposed that as the matrix stiffens, the tumor takes on 
more aggressive phenotypes. The transcriptional regulators YAP and TAZ (YAP/TAZ), 
key effectors of the Hippo pathway, are known to respond and influence matrix 
stiffening. In stiff matrix environments YAP/TAZ accumulate in the nucleus, and can 
drive transcriptional events. CAF’s from late stage breast cancers have been found to 
exhibit increased YAP expression and increased ability to remodel and stiffen the 
extracellular matrix. Whether YAP or TAZ in these CAFs influences the metastatic 
properties of tumor cells is unclear. The present study aims to establish a link between 
YAP/TAZ activity in CAFs and cancer migration and invasion. We hypothesized that 
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high nuclear activity of YAP/TAZ in fibroblasts would lead to non-autonomous signals 
that increase epithelial migration, and conversely that signals originating from epithelial 
cells affect YAP regulation in fibroblasts. We obtained CAFs from oral squamous cell 
carcinomas (OSCC) at various stages, and interestingly found that when CAFs obtained 
from stage III and stage IV tumors were co-cultured with OSCC cells they had the ability 
to cause OSCC cell migration. This CAF-induced migration was dependent on YAP/TAZ 
in the CAFs, as YAP/TAZ knockdown repressed this crosstalk. To gain insight into the 
mechanisms driving this process, transwell migration assays were conducted using NIH-
3T3 fibroblasts engineered to overexpress YAP, or mutants of YAP, in doxycycline-
inducible manner. We found that expression of YAP in NIH-3T3 cells, particularly a 
nuclear-localized YAP mutant, promoted the ability for OSCC cells to migrate in co-
culture experiments. Media conditioned from these cells was sufficient to recapitulate this 
phenotype, suggesting that secreted factors from these fibroblasts may act as a signal that 
promotes migration. This activity of YAP was dependent on the ability for YAP to bind 
to the TEAD transcription factors, a major mediator of YAP transcriptional activity. 
Together these results indicate that nuclear YAP activity in fibroblasts can modulate the 
migration of neighboring cancer cells, suggesting that YAP plays a key role in stroma-
cancer crosstalk during cancer progression.  
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INTRODUCTION 
 
Cancer 
In the United States, cancer is one of the leading causes of death (Centers for 
Disease Control and Prevention, 2013). Approximately eighty-five percent of all cancers 
arise from epithelial tissue, and thus are named as carcinomas (Cancer Research UK, 
2013; National Cancer Institute, 2014). Although more than one hundred different types 
of cancers have been found, the most basic molecular characteristic all cancers seem to 
share is an unstable genome (Hanahan & Weinberg, 2000). The disease is mainly 
characterized by uncontrolled cell growth due to multiple inherited or spontaneous 
mutations in the cellular genetic code that may lead to organ dysfunction or even death 
(Zhao et al, 2007; Kumar, Abbas, & Aster, 2013). With an overwhelming increase in 
oncology research over recent years, scientists have merely begun to understand the basic 
premise of various cancers.  
In general, cells in the body have defense mechanisms that allow the cell to 
function normally, preventing tumor formation. However, genome instability allows the 
cell to overcome these natural defense mechanisms and leads to abnormal growth and 
eventually cancer. Through studies conducted in vitro and in vivo, with animal models as 
well as human subjects, similarities between different types of cancers have become 
clearer (Hanahan & Weinberg, 2000). According to a review written by Douglas 
Hanahan and Robert Weinberg, there are six characteristics that unify most, if not all, 
cancers (Figure 1): 1) maintenance of signals leading to proliferation; 2) lack of response 
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to antigrowth mechanisms; 3) avoidance of controlled cell death; 4) ability to replicate 
indefinitely; 5) continuous growth of new blood vessels; and 6) invasion of tissue leading 
to metastasis. Two of these characteristics will be discussed in further detail: 
independence from growth signals, and tissue invasion and metastasis.  
 
Figure 1. Six unifying characteristics of cancers. Most cancers share these six 
characteristics as they develop and grow. The order in which these traits are acquired 
may be different, but the presence of all six will always be observed. (Figure taken from 
Hanahan & Weinberg, 2000). 
 
 
Maintenance of Signals Leading to Proliferation 
 Normally, cellular proliferation is regulated by growth signals. Without such a 
signal, no cell is able to replicate (Hanahan & Weinberg, 2000). Cancer cells, however, 
do not require such external signals. It is thought that cells within tumors supply their 
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own growth signals or become independent with regards to these signals in order to 
decrease their dependence on external growth factors (Hanahan & Weinberg, 2000).  
There are three possible mechanisms through which cancer cells can do this. The 
first, and perhaps the most obvious way, is for a cancer cell to supply itself growth factors 
in an autocrine fashion (Hanahan & Weinberg, 2000). By doing so, the cell is able to 
receive constant signals, thus promoting its own growth. Producing its own growth 
factors allows the tumor cell to take advantage of the machinery and biological pathways 
already functioning in the cell. Another mechanism by which a cell can become 
independent from extracellular growth signals is by modifying or overexpressing growth 
signal receptors that are found on its cell surface (Hanahan & Weinberg, 2000). 
Modifying receptors may lead to their activation in the absence of any ligand binding to 
the receptor at all, resulting in a constant activation of the growth signal inside the cell 
without any direct stimulation from external factors. Overexpressing receptors allows the 
cell to respond to very miniscule levels of growth factors, thus making it more likely for 
the growth factor receptors to become activated in levels of growth factor that normally 
would not elicit any response from its target receptor.  
The third mechanism through which cancer cells can mimic the effects of external 
growth factors is by modifying downstream targets of the growth receptor. In a normal 
cell, activation of a cell-surface growth receptor leads to a cascade response, involving 
numerous proteins and factors, eventually leading to transcriptional changes leading to 
proliferation of the cell (Hanahan & Weinberg, 2000). However, by modifying 
downstream targets, proteins that usually become involved later in the signaling cascade 
 4 
 
can be consistently activated and produce an effect similar to a cell stimulated by a 
growth factor binding to its target receptor. Although the mechanism by which the tumor 
cell becomes independent of external growth factors may differ, the result is the same: 
tumor cells are able to sustain their own growth without any normal external signals.  
More recently, it has been found that tumor cells are able to recruit surrounding 
non-epithelial cells to aid in their maintenance (Hanahan & Weinberg, 2011) and 
suggests an additional mechanism by which the tumor cells acquire independence from 
normal growth signals. It is thought that as the tumor grows and develops, so does its 
surrounding environment (Olumi et al., 1999). As the tumor feeds into the neighboring 
cells, those neighboring cells feed back to the tumor, creating a form of feed-forward 
loop (Calvo et al., 2013). The changes in the surrounding cells caused by the tumor itself 
lead to those deregulated cells providing a constant flow of growth signals as well as 
aiding in the sustenance of the tumor. The exact mechanism by which this occurs, 
however, is not well understood.  
 
Invasion of Tissue Leading to Metastasis 
 As a tumor develops, it reaches a stage where its present location cannot serve to 
sustain it any longer (Hanahan & Weinberg, 2011). It begins to invade surrounding 
tissues until eventually it metastasizes and travels to different parts of the body. This 
process requires changes to occur in the surrounding area of the tumor, also called the 
tumor microenvironment. The extracellular matrix surrounding the cancerous cells must 
be broken down in order for those cells to invade neighboring tissue. This generally 
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occurs with the aid of proteases that are secreted, not by the cancerous cells, but rather by 
the cells of the surrounding stroma (Hanahan & Weinberg, 2000). This is possibly one of 
the earliest evidences of a possible communication occurring between the tumor and the 
surrounding microenvironment. Tumor cells signal to the neighboring stroma, which, in 
return, produces signals that aid in tumor growth and maintenance (Hanahan & 
Weinberg, 2011). Once the tumor grows to a certain point, the stroma secretes proteins 
that aid the tumor in its invasion of tissue. This evidence shows that the 
microenvironment surrounding the cancer cells has been observed to be as important as 
the tumor itself, feeding and maintaining the tumor  (Hanahan & Weinberg, 2011).  
 
Tumor Microenvironment  
 The initial thought that tumors exist as self-sustaining entities has long been left 
behind. More and more compelling evidence proving the importance of the tumor 
microenvironment in the development of cancer has come forward. The tumor 
microenvironment contains components of the extracellular matrix, blood vessels, as well 
as numerous cells within the stroma, including fibroblasts, endothelial cells, and 
inflammatory cells (Figure 2) (Hanahan & Weinberg, 2011). During the progression of 
the tumor, these cells begin to deviate from their normal roles in order to aid in the 
maintenance of the tumor.  
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Figure 2. Specialized cells comprising the tumor microenvironment. As the tumor 
develops, so do the surrounding stromal cells, which work together to aid in the 
maintenance of the tumor. (Figure taken from Hanahan & Weinberg, 2011). 
 
 Although all the cells shown in Figure 2 play a vital role in the maintenance of a 
tumor, this thesis will primarily focus on cancer-associated fibroblasts (CAFs). Derived 
from normal fibroblasts, whose function it is to support the normal epithelium and secrete 
the extracellular matrix (ECM) components that normally surround cells, CAFs have 
been implicated in the progression, invasion, and metastasis of tumors (Hanahan & 
Weinberg, 2011).  
A recent study found that various molecules secreted by these cells within the 
tumor stroma lead to increased remodeling and stiffening of the ECM, which in turn, aids 
in the invasion and metastasis of the tumor (Halder, Dupont, & Piccolo, 2012; Calvo et 
al., 2013). It was shown that increasing the amount of collagen present in the ECM, thus 
making it stiffer, destabilizes cellular junctions that allow the cells to stay together and 
leads to migratory behavior (Figure 3) (Halder, Dupont, & Piccolo, 2012).  
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Figure 3. Increasing stiffness of the ECM leads to migration. A recent study found 
that by adding collagen to the ECM to increase matrix stiffness, epithelial cells begin to 
exhibit migratory characteristics. (Figure taken from Halder, Dupont, & Piccolo, 2012). 
 
Variation in ECM stiffness is an example of a mechanical change, exhibited by many 
tissues, that has been found to be regulated by key proteins of the Hippo pathway (Calvo 
et al., 2013). 
 
Hippo Pathway 
The Hippo pathway, originally found in Drosophila, has now been demonstrated in 
mammals to serve as a key regulatory mechanism for cell growth, division, and death 
(Figure 4) (Yu & Guan, 2013; Basu et al., 2014). Once the Hippo pathway is activated, 
the ultimate result of is the suppression of the YAP and TAZ proteins (herein referred to 
as YAP/TAZ together) in mammals and Yki in Drosophila. This is done with the help of 
upstream regulators such as, MST1/2 and LATS 1/2. MST 1/2, once activated, 
phosphorylates and activates LATS 1/2 (Figure 5) (Yu & Guan, 2013). Upon its 
activation, LATS 1/2 phosphorylates YAP/TAZ, inactivating these proteins and 
preventing them from entering the nucleus. (Yu & Guan, 2013). The 14-3-3 protein aids 
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in this sequestration of YAP/TAZ within the cytoplasm by binding to them once they are 
phosphorylated (Yu & Guan, 2013). If, however, YAP/TAZ are not phosphorylated by 
their upstream regulators, they enter the nucleus and are recruited to promoter regions of 
certain genes by transcription factors (Figure 5) (Zhao et al., 2007; Yu & Guan, 2013). 
Their activation permits the transcription of genes that ultimately activate anti-apoptotic 
pathways and result in cell proliferation (Zhao et al., 2007; Yu & Guan, 2013; Basu et al., 
2014). 
 
Figure 4. Summary of roles of the Hippo pathway in cells. The Hippo pathway 
receives responds appropriately to signals by promoting cell growth, division, 
differentiation, or death. (Figure taken from Yu & Guan, 2013).  
 
Cumulative studies on the Hippo pathway indicate that it functions as an 
important tumor suppressor pathway. The importance of the Hippo pathway can be seen 
and appreciated through experiments conducted with mice deficient in upstream 
regulators. An early study that examined mice with a loss of function mutation in the 
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Lats1 gene (Figure 5), showed that these mice exhibited cells with decreased apoptotic 
activity and increased cellular proliferation, leading to hyperplasia and the formation of 
tumors (St. John et al., 1999). 
 
Figure 5. Hippo pathway mechanism. Activation of the Hippo pathway through 
external signals leads to phosphorylation of the YAP/TAZ protein (Yki protein in 
Drosophila), which prevents their movement into the nucleus. Inside the nucleus, 
YAP/YAZ bind to promoter sequences, resulting in transcription of genes responsible for 
cellular proliferation. (Figure taken from Yu & Guan, 2013).  
 
 Most work studying the Hippo pathway has focused on their roles in epithelial 
cells, but an interesting observation made recently was that CAFs show significant 
increases in levels of nuclear YAP (Calvo et al., 2013). Changes in ECM stiffness have 
been linked to changes in YAP levels (Halder, Dupont, & Piccolo, 2012; Calvo et al., 
2013), leading  Calvo et al. (2013) to establish a link between matrix stiffness and 
increased YAP levels in CAFs. It was found that compared to normal fibroblasts, 
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adenoma-associated fibroblasts (AdAFs) and CAFs express significantly larger ratios of 
nuclear to cytoplasmic YAP (Figure 6), enhanced interactions between YAP and TEAD 
proteins, and reduced interactions between YAP and 14-3-3 proteins (Calvo et al., 2013). 
YAP/TAZ must bind to TEAD proteins inside the nucleus in order to promote 
transcription of desired genes. If TEADs are not present, transcription due to YAP/TAZ 
will not occur.   
 
Figure 6. Levels of YAP in fibroblasts. AdAFs and CAFs have significantly more 
nuclear versus cytoplasmic YAP, when compared to normal and hyperplastic fibroblasts. 
(Figure taken from Calvo et al., 2013). 
 
CAFs were also found to exhibit higher ECM remodeling and promote invasion 
of cancer cells (Calvo et al., 2013). Further studies showed that knockdown of YAP in 
CAFs significantly reduces tumor invasion (Figure 7) (Calvo et al., 2013). It was thought 
that by preventing YAP expression, CAFs would not be able to remodel the ECM to 
make it stiffer, thus reducing the invasion of the tumor (Calvo et al., 2013). This study 
was one of the first to implicate YAP in fibroblasts as a key player in the invasion of 
tumor cells. The mechanism that was proposed by Calvo et al., however, suggests an 
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indirect role of YAP in tumor invasion, by way of ECM remodeling and stiffness. 
Whether or not YAP or TAZ in fibroblasts contributes to cancer cell metastasis is 
unclear.  
 
Figure 7. YAP knockdown leads to reduced invasion by cancer cells. Knockdown of 
YAP in CAFs significantly reduced invasion of cancer cells. Knockdown of TAZ did not 
show a similar effect. (Figure taken from Calvo et al., 2013). 
 
 The present study aims to establish a link between YAP/TAZ and properties 
associated with cancer metastasis. We hypothesized that deregulated nuclear YAP/TAZ 
activity in CAFs can drive the secretion of factors that promote the migration of cancer 
cells, independently of matrix remodeling. We speculated that overexpressing YAP in 
fibroblasts would recapitulate what occurs in CAFs and would lead to increased epithelial 
migration. This study was done to help understand the pleiotropic roles of YAP/TAZ in 
tumor progression. 
 
 
 
 
 12 
 
METHODS 
   
Transwell Migration Assays 
Migration assays were done to determine whether Cal27 epithelial cells, which 
are non-metastatic oral squamous cell carcinoma cells, migrated under a variety of 
conditions. These conditions included using primary or cancer-associated fibroblasts 
expressing endogenous YAP/TAZ, knocking down TAZ and YAP in primary and cancer-
associated fibroblasts, overexpressing YAP in primary mouse embryonic fibroblasts 
(NIH 3T3 cells), and using only conditioned media from these NIH 3T3 cells. 
Quantitation of the transwell migration assays is described at the end of this section.  
 
Cells on the Bottom 
Once the desired fibroblasts reached 70% confluency and became ready to be split 
for passage, they were trypsinized and suspended in 10 mL of their appropriate media 
and 10 µL was added to a hemocytometer. The hemocytometer was placed under the 
microscope and cells in the four corner boxes consisting of 16 smaller boxes were 
counted. The average of the number of cells in the four boxes was calculated and 
multiplied by the factor of the hemocytometer (10,000). The desired concentration of 
cells in this migration assay was 50,000 cells/mL. Appropriate calculation was done to 
achieve this concentration and 500 µL of the diluted cells was added to the desired 
number of wells in a 24-well plate. The cells were then placed in the 37ºC incubator 
overnight. After 24 hours of incubation, the media on these cells was changed to low 
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serum media (DMEM with 0.2% FBS) after being washed with 1X PBS. The plated cells 
were then returned to the incubator. After another 24 hours, Cal27 TETon PLVXTP CTL 
cells were added. These cells were trypsinized, suspended in media, and counted, in the 
same manner as the fibroblasts. Once counted, the cells were spun down in a tabletop 
centrifuge at 900 rpm for 5 minutes. The media was aspirated and the cells were washed 
with 1X PBS and spun down again. The PBS was then aspirated and the cells were 
resuspended in the appropriate volume of low serum media (DMEM with 0.2% FBS) 
needed to achieve the desired concentration (50,000 cells/mL). 500 µL of the suspended 
cells was then plated on top of 8 µm pore sized 24-well filters. These filters sat in low 
serum media on the bottom at first for 30 minutes to equilibrate. After 30 minutes, these 
filters were transferred to the 24 well plate containing the pre-plated fibroblasts in low 
serum media and placed back in the incubator for 24 hours. Once the incubation was 
completed, the filters were washed with 1 mL of 1X PBS and the cells on top of the 
filters were removed using cotton swabs. Cleaned filters were then placed in 500 µL of 
crystal violet solution for one hour. Each filter was then washed 3 times with 1X PBS 
using 1 mL of PBS on the bottom and adding 500 µL of PBS on top of the filter. After 
the third wash with PBS, the PBS was aspirated completely, from the top, sides, and 
bottom of the filter and the filter was allowed to dry for 20 minutes. The filters were then 
analyzed under the microscope to determine the number of cells that migrated.  
 
Knockdown Migration Assays 
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 Cancer-associated fibroblasts were plated in a 24-well in the same way as 
described above. Several hours after being plated, these cells were transfected with 25 µL 
of siRNA solution (control or TAZ/YAP) per well (see below). The plate was then placed 
back in the incubator. After 24 hours, the cells were switched to low serum media 
(DMEM with 0.2% FBS) and left in the incubator for another 24 hours. The next day, 
Cal27 cells were added on the top in the same way as previously described. The transwell 
was stained after 24 hours of incubation. 
 
Media on the Bottom 
After obtaining conditioned media from NIH 3T3 cells (see below), 500 µL of 
media was plated in a 24-well plate. The Cal27 cells were then added to the top on the 
same day in the way as described above and placed in the incubator. The transwell was 
stained after 24 hours of incubation.  
 
Heat-Inactivation of Media 
 An aliquot of conditioned media was obtained and placed in a 65ºC hot plate for 
30 minutes. 500 µL of this media was then added to the 24-well plate next to another 
aliquot of conditioned media. The Cal27 cells were then added to the top on the same day 
in the way as previously described. The transwell was stained after 24 hours of 
incubation.  
 
Transfection with siRNA 
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 Calculations were done to determine the volume of siRNA needed to obtain 30 µg 
of siRNA per sample. Once diluted, an equal volume (equal to the siRNA and water 
mixture) of Opti-MEM reduced serum media was added to each tube of siRNA. In 
another tube, the transfection reagent Dharmafect was diluted in Opti-MEM. 3 µL of 
Dharmafect per sample was diluted in a volume of Opti-MEM equal to the volume of the 
siRNA, water, and Opti-MEM solution. The Dharmafect/Opti-MEM mixture was then 
added to each tube of the siRNA solution and incubated at room temperature for 20 
minutes. After the incubation period, the siRNA mixture was added on top of the desired 
cells. 
 
NIH 3T3 TETon PLVXTP YAP Mutant Cell Lines 
In order to better understand the mechanism behind the migration in CAFs, NIH 
3T3 cells overexpressing various YAP protein mutants were used. The tetracycline-
inducible system was previously introduced into primary mouse embryonic fibroblasts, 
NIH 3T3 cells (ATCC), by a prior student in the lab (Samantha Hiemer) using procedures 
similar to those described in an earlier paper (Hiemer, Szymaniak, & Varelas, 2014). The 
PLVXTP-CTL, PLVXTP-3xFLAG (3F)-YAP-5SA, and PLVXTP-3F-YAP-5SA/S94A 
plasmids were generated by Samantha Hiemer and were transduced using lentiviruses to 
generate stable NIH 3T3 cell lines capable of expressing the respective proteins in a 
doxycycline-inducible manner. The YAP 5SA mutant substitutes serine for alanine in 
five sites, preventing its phosphorylation and sequestration in the cytoplasm, making it a 
nuclear mutant. The YAP 5SA/S94A mutant, along with containing the previous five 
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substitutions, also substitutes the ninety-fourth serine residue to alanine, eliminating the 
interaction with TEAD proteins and preventing transcription. Briefly, NIH 3T3 TETon 
cells suspended in DMEM media with 10% FBS and G418 (2 mg/mL) were plated in a 6-
well plate and allowed to become 60% confluent. The lentiviruses were then thawed and 
100 µL of each virus was added directly to the plated cells, leaving one well untouched to 
serve as a negative antibiotic control. Two days later, these cells were split from the 6-
well plates to 10 cm dishes. This was done by aspirating the media in the plate, pipetting 
0.5 mL of trypsin to each well, and adding the trypsinized cells to 10 mL of appropriate 
selection media, which in this case was DMEM media with 10% FBS, G418 (2 mg/mL), 
and puromycin (2 µg/mL). Cells surviving the selection media were successfully infected 
with the virus and contained the desired plasmid. Relying on the TETon system in the 
cells, the desired YAP proteins were expressed through induction by doxycycline. This 
was done by adding doxycycline (1 mg/mL at 1:10,000 dilution) to each plate and 
allowing the cells to incubate at 37ºC for 48 hours.  
 
Conditioned 3T3 Media  
The conditioned 3T3 media was made by plating the NIH 3T3 TETon cell lines 
(PLVXTP-CTL, PLVXTP-3F-YAP-5SA, and PLVXTP-3F-YAP-5SA/S94A) in separate 
10 cm dishes in a 1:5 ratio once the cells achieved 70% confluency. This was done by 
aspirating the present media on the cells, washing the dish with 3 mL of 1X PBS, 
aspirating it shortly after, adding 2 mL of tryspin, allowing the cells to trypsinize, and 
suspending the cells in 8 mL of media. The cells were then diluted to the appropriate 
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ratio, plated once again, and left in the 37ºC incubator overnight. After 24 hours, the 
present media in all three dishes was aspirated, and the plates were washed with 3 mL of 
1X PBS, which was then shortly aspirated off. 10 mL of low serum media (DMEM 
media with 0.2% FBS) and doxycycline (1 mg/mL at 1:10,000 dilution) were added to 
each dish. The cells were then placed back in the 37ºC incubator for 48 hours, after which 
the media was collected in 15 mL centrifuge tubes and spun at 900 rpm for 5 minutes to 
remove any cellular debris. The media was divided in aliquots of 1 mL, put in 1.5 mL 
microcentrifuge tubes, and stored in a -20ºC freezer until needed for various experiments.   
 
Epithelial Cross-Talk Experiment 
 This experiment was performed to determine whether proteins produced by 
fibroblasts cells could be taken up by neighboring carcinoma cells. To do this, Cal27 cells 
were split into 3 wells of a 12-well plate and left in the incubator overnight. The next day, 
the media was switched to low serum media (DMEM with 0.2% FBS) and the cells were 
left to incubate at 37ºC for two hours. After this time, 500 µL of the NIH 3T3 
conditioned media made previously (CTL, 3F-YAP 5SA, and 3F-YAP 5SA/S94A) was 
added to each well and the cells were returned to the incubator for 24 hours. The cells 
were then washed three times with 1X PBS and lysed (see below). Western blots were 
run with these cell lysates, probing with an anti-Flag antibody, where the YAP expressed 
was tagged at the N-terminus with a 3xFLAG tag. 
 
Lysing Cells 
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In order to determine whether certain proteins were expressed, either 
endogenously in the primary or cancer-associated fibroblasts, through overexpression in 
the doxycycline-inducible NIH 3T3 cells, or experimentally taken up in the Cal27 cells, 
the cells were lysed after being conditioned and cell lysate was analyzed by Western 
blotting (see below). To do this, cells were split into 6-well (or 12-well plates in the case 
of the Cal27 cells) and left in the incubator for 24-48 hours (depending on confluency). 
Once the cells reached 60-70% confluence, a 1X protein lysis buffer was made. This was 
done by mixing 1 mL 10X lysis buffer, 1 mL 10X Na-PPi, 0.1 mL 100X NaF, and a 
variety of protease inhibitors and taking this solution up to 10 mL with cold dH2O. This 
solution was kept in an ice bucket. The plate of cells was then taken out of the incubator 
and the wells were washed with 1 mL of 1X PBS after which it was aspirated. 300 µL of 
protein lysis buffer was added to each well, ensuring the cells were kept on ice the entire 
time. The plate was then taken to a 4ºC cold room where it was kept on a rocker for 15-
20 minutes. After this time, the plate was put back on ice and brought out on the 
benchtop. The lysis buffer was pipetted into 1.5 mL microcentrifuge tubes and spun in a 
4ºC centrifuge for 10 minutes at 15,000 rpm to spin out cellular debris. The supernatant 
was then removed and frozen in a -20ºC freezer until needed. The pellet was discarded. 
Western blots were run to visualize the proteins found in the supernatant. 
 
Western Blots 
 Western blots were run to determine whether desired proteins were expressed in 
cells or media. Once the cancer-associated fibroblasts were obtained, Western blots were 
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run on the lysates from these cells as well as primary human gingiva fibroblasts to 
determine expression of TAZ/YAP (rabbit; diluted 1:1,000), phospho-YAP (rabbit; 
diluted 1:1,000), and GAPDH (rabbit; diluted 1:1,000). Knockdown experiments were 
also conducted with the primary and cancer-associated fibroblasts and Western blots 
were run to ensure that the knockdown of TAZ and YAP in those cells was successful. 
After the NIH 3T3 TETon cell lines were made, it was vital to know whether they 
were expressing the YAP proteins. These proteins were fused with three Flag tags and 
thus blots with NIH 3T3 cell lysates were probed with Flag antibody (diluted 1:10,000) 
and rabbit GAPDH antibodies (diluted 1:1,000) to serve as a loading control. In order to 
determine whether these proteins were also found in the NIH 3T3 conditioned media, 
Western blots were also run with the media to monitor the presence of Flag (diluted 
1:10,000), YAP (mouse; diluted 1:1,000), and Wnt5A (rabbit; 1,000), either directly by 
adding 25 µL of 5X SDS sample loading buffer to 100 µL of conditioned media or after a 
protein precipitation (see below). Additionally, after conducting the crosstalk experiment 
as described above, protein supernatant obtained from lysing Cal27 cells were also run on 
Western blots and probed with Flag antibody.  
 
Making Gels 
After cleaning and assembling the gel apparatus with 5 ceramic and front cover 
glass plates, 8.5% resolving gels were made by mixing 15.5 mL cold dH2O, 7.5 mL 4X 
resolving buffer, 6.4 mL 40% acrylamide, 300 µL 10% SDS, 300 µL 10% APS, and 15 
µL TEMED and adding this mixture to fill the gel apparatus three-quarters full. 
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Approximately 1 mL of butanol was added to each gel plate and the solution was allowed 
to crosslink and solidify. Once the gel hardened, the butanol was poured out and the gels 
were washed with water. The stacking gel solution was then made by mixing 16 mL cold 
dH2O, 6.2 mL 4X stacking buffer, 2.2 mL 40% acrylamide, 250 µL 10% SDS, 250 µL 
10% APS, and 25 µL TEMED. The mixture was then poured into each gel separately and 
the combs were added individually to make lanes in each gel. The stacking gel was then 
allowed to solidify. Once the stacking gel had set, the apparatus was taken apart and each 
SDS-PAGE gel was separated from the others and stored in a 4ºC refrigerator until ready 
to be used. Gels older than 7 days were thrown away and fresh ones were made. 
 
Running Gels 
To load gels, desired lysates and 5X SDS sample loading buffer were thawed. 50 
µL of lysate was added to 12.5 µL of SDS load buffer and the solution was boiled at 95ºC 
for 5 minutes. The microcentrifuge tubes were then cooled to room temperature and spun 
down with a short spin. The electrophoresis tank was assembled and the SDS-PAGE gel 
was inserted into the apparatus. SDS-PAGE running buffer was poured to submerge the 
gels and at the bottom of the tank. 4 to 5 µL of BLUEstain Protein ladder was pipetted 
into the first well and approximately 20 µL of the samples were loaded into the remaining 
wells. The wires were then connected, the voltage was set to 200 V, and the gels were 
allowed to run. Once the SDS dye was approximately 2 cm from the bottom of the gel, 
the power supply was turned off and the gel was immediately transferred.  
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Gel Transfer and Immunodetection 
A transfer bin was filled with old 1X transfer buffer to approximately one inch 
from the bottom. The electrophoresis tank was taken apart and emptied. The front glass 
plate of the gel was taken off and filter paper was soaked with the transfer buffer and 
placed on top of the gel. The gel was then transferred from the ceramic plate to the filter 
paper and placed on the transfer apparatus plate. Nitrocellulose paper was carefully 
moistened in the transfer buffer and placed on top of the gel, and a second piece of 
dampened filter paper was placed on top of this. The plate was closed and put inside the 
transfer apparatus, which was already filled with fresh, cold 1X transfer buffer. The lid 
was placed on top and the transfer apparatus was taken inside the 4ºC cold room, where it 
was connected to a power supply, set to 100 V, and run for 1 hour and 30 minutes.  
Once the transfer was complete, 2 g of dry milk was added to 40 mL of 1X TBS-
T. The gel sandwiched between two filter papers was taken out and the nitrocellulose 
paper was separated and placed into a blocking bin. The dry milk solution was poured on 
top of the nitrocellulose paper and placed on a shaker for 30 minutes. Once blocked, the 
blot was placed in a plastic slip and sealed for incubation with the desired antibody, 
diluted appropriately according to its data sheet in either the milk solution or TBS-T 
alone. The sealed blot was then placed on a rocker. This was be done for approximately 
an hour and half at room temperature or overnight at 4ºC. Once completed, the blot was 
removed and washed with 1X TBS-T twice before submerging it in this solution and 
leaving it on the shaker. The buffer was changed three times every 10-15 minutes. If a 
secondary antibody was required (rabbit hrp, diluted 1:10,000; mouse hrp, diluted 
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1:10,000), the blot was incubated with the secondary antibody for approximately one 
hour and later washed again in the manner described above.  
Depending on the avidity of the antibody, either the Dura Extended Duration or 
the Femto Maximum Sensitivity reagents were used for detection. 500 µL of the 
enhancer solution was mixed with 500 µL of the peroxide buffer and this solution was 
drizzled over the blot. The blot was then placed between a page protector, placed inside 
the imager for detection and image capture. 
 
Precipitation of Protein 
 Western blots were run on the NIH 3T3 conditioned media to determine whether 
specific proteins were found within the media. In order to do so, the proteins in the media 
were precipitated. A 100% (w/v) TCA solution was made by dissolving 21.4 g of TCA in 
15 mL dH2O. 225 µL of the TCA solution was added to 900 µL of media and incubated 
at 4ºC for 10 minutes. Next, the tube was placed in a microcentrifuge and spun down at 
14,000 rpm for 5 minutes. The supernatant was removed and discarded and the pellet was 
washed with 200 µL acetone. The tube was spun down again at the same speed for 
another 5 minutes, after which the acetone was aspirated. The acetone wash step was 
repeated a total of three times. Once washed, the pellet was air dried for approximately 
10-15 minutes. Approximately 15 µL of 5X SDS load buffer was added to the pellet to 
resuspend it and the solution was boiled at 95ºC for 10 minutes after which it was loaded 
on an SDS-PAGE gel. The Western blot was then run in the same way as described 
above.  
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Solutions and Buffers 
 All solutions were diluted to 1X concentrations by adding a specific amount of 
stock solution to dH2O to achieve the desired volume and stored at room temperature 
unless otherwise stated.  
 
10X PBS Stock Solution 
 The following reagents were dissolved in approximately 800 mL of dH2O: 80 g 
NaCl, 2 g KCl, 14.2 g Na2HPO4, and 2.4 g KH2PO4. Once dissolved, the pH of the 
solution was adjusted with HCl to 7.4. Additional dH2O was added to give a final volume 
of 1 L.  
 
10X Protein Lysis Buffer 
 The stock solution of protein lysis buffer was made by dissolving 60.6 g Tris-Cl 
at pH 7.4, 87.7 g NaCl, 20 mL of 500 mM EDTA, and 50 mL of 100% Triton X-100 in 1 
L of dH2O. This solution was stored at 4ºC. 
 
10X NaPPi Solution  
 To make a 0.1 M solution of NaPPi at a pH of 7.4, 22.3 g of NaPPi-10H2O was 
added to 500 mL of dH2O. Any adjustments in pH were made by adding HCl. Once 
dissolved, this solution was stored at 4ºC. 
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100X NaF Solution 
 21 g of NaF were added to 1 L of dH2O and dissolved. This solution was stored at 
4ºC. 
 
10X SDS-PAGE Running Buffer 
 To approximately 3.7 L of dH2O, the following reagents were added: 121.2 g Tris 
base, 576 g glycine, 40 g SDS. Once dissolved, the volume of this solution was brought 
up to 4 L using dH2O. 
 
4X Resolving Buffer 
 The resolving buffer solution was made of 1.5 M Tris at pH 8.8. This was done by 
adding 27 g of Tris base to approximately 100 mL of dH2O. The pH was adjusted to 8.8 
using HCl and the solution was then brought up to 150 mL with dH2O. This solution was 
stored at 4ºC.  
 
4X Stacking Buffer 
The stacking buffer solution was made of 0.5 M Tris at pH 6.8. This was done by 
adding 6.06 g of Tris base to approximately 60 mL of dH2O. The pH was adjusted to 6.8 
using HCl and the solution was then brought up to 100 mL with dH2O. This solution was 
stored at 4ºC.  
 
10% SDS 
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 A 20% solution of SDS was purchased from American Bioanalytical. This 
solution was diluted to a 10% solution with dH2O and used when needed.  
 
10% APS 
 The 10% APS (w/v) solution was made by adding 1.5 g of APS to 15 mL of 
dH2O. This solution was stored at 4ºC.  
 
5X SDS Sample Loading Buffer/Dye 
 To make this buffer, the following reagents were added to approximately 20 mL 
of 0.5 M Tris at pH 6.8: 25 mL 100% glycerol, 5 g SDS, 0.025 g bromophenol blue, and 
3.9 g DTT. Once dissolved, the solution was taken up to 50 mL with 0.5 Tris at pH 6.8. 
1.5 mL aliquots were made and stored in the -20ºC freezer.  
 
10X Transfer Buffer 
 To make the stock solution of the transfer buffer, 121.2 g Tris base and 576.4 g 
glycine were dissolved in 4 L of dH2O. This solution was stored at 4ºC.  
 
1X Transfer Buffer 
 To dilute the stock solution of the transfer buffer to approximately 1 L of solution, 
100 mL of the 10X buffer was mixed with 200 mL methanol and added to 1L of dH2O. 
This solution was stored at 4ºC.  
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10X TBS 
 The stock solution of TBS was made by dissolving 97.6 g Tris base and 350.6 g 
NaCl to 4 L of dH2O. 
 
1X TBS-T 
 The 1X TBS-T solution was made by mixing 100 mL stock solution of 10X TBS 
with 1 mL Tween-20 and adding 900 mL dH2O. 
 
Crystal Violet Staining Solution 
 A 0.5% crystal violet (w/v) in 75% ethanol was used to stain cells. This was made 
by dissolving 0.5 g crystal violet in 100 mL 75% ethanol.  
 
Quantitation of Data 
 Filters from the transwell migration assays were quantified using two methods. In 
two experiments (migration of epithelial cells with NIH 3T3 cells and migration with 
NIH 3T3 conditioned media), filters were quantitated by placing them under the 
microscope and counting cells that remained on the filters after washes. In all other 
transwell assays, the number of epithelial cells that migrated to the bottom of the filters 
was too high to be able to count manually. In these cases, three pictures of each filter 
were taken under the microscope and uploaded on an imaging program called ImageJ. 
Each picture was split into red, green, and blue color channels and the green channel was 
kept. The threshold was adjusted so that the cells were all included and the picture was 
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then converted to black and white, where the cells were black and the background 
became white. The “Analyze Particle” feature in ImageJ was utilized and the pixel size 
was set to detect areas bigger than or equal to 100 pixels. This number was chosen 
arbitrarily and was kept constant with all quantitations conducted with ImageJ. 
Regardless of the method used for quantitation, either through manual quantitation or 
with the help of ImageJ, the results were internally consistent.  
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RESULTS 
 
Cancer-Associated Fibroblasts Show Migratory Effects 
 Cancer-associated fibroblasts, as well as fibroblasts located in the adjacent 
epithelium, from OSCC tumors at various stages (Table 1) were obtained. In order to 
ensure that these cells were expressing YAP and to see whether there were any trends in 
the level of expression of this protein, these seven cells lines were lysed and YAP 
examined by Western blot (Figure 8). To serve as a control for the cancer-associated 
fibroblasts, primary fibroblast cells from the human gingiva were also included in all 
experiments.  
Table 1. Cancer-associated fibroblasts 
Stage Type of Cells Date Collected 
I 
AE 
10/30/2014 
OSCC 
II OSCC 12/09/2014 
III 
AE 
01/08/2015 
GM 
IV 
AE 
01/15/2015 
RF 
A list of cancer-associated fibroblasts that were obtained. AE: adjacent epithelium; 
OSCC: oral squamous cell carcinoma; GM: gingiva mucosa; RF: retromolar fossa stage 
IV. 
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Figure 8. Western blot results for proteins in CAFs. A. Western blot probed with an 
antibody that detects YAP phosphorylated at serine 197, the cytoplasmic version of YAP. 
B. Western blot stain with an antibody staining for YAP. C. Western blot stain with an 
antibody staining for TAZ. D. Western blot stain with GAPDH, a loading control.  
 
It was observed that these cells were expressing endogenous TAZ and YAP as well as 
YAP that was phosphorylated on serine 197. Phosphorylation of this serine residue, 
which is located in the WW domain of the protein, allows for YAP to be sequestered in 
the cytoplasm (Zhao et al., 2007). 
 Although the results of the Western blot showed no obvious correlation between 
YAP levels and the stage of the tumor, transwell migration assays were done to 
determine whether any migratory effects could be observed in Cal27 cells. As seen in 
Figure 9, the cancer-associated fibroblasts from Stage III and IV tumors (GM 01082015 
and RF 011515, respectively) caused a significantly higher migratory effect on the Cal27 
cells (p < 0.01). 
C. 
A. 
B. 
D. 
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Figure 9. Migration assay with CAFs. Cancer-associated fibroblasts from Stage III and 
IV tumors showed a significantly more severe migration of Cal27 cells than the other 
CAFs (p < 0.01). Stage II cancer-associated fibroblasts showed a significantly reduced 
number of migrated epithelial cells than either Stage III or IV tumor cells, but a 
significantly higher number of migrated epithelial cells than the Stage I cells (p < 0.01). 
Primary fibroblasts showed little to no migration of Cal27 cells.  
 
It was also observed that the Stage II cancer-associated fibroblasts (OSCC 120914) had a 
significantly higher migratory effect than the Stage I (OSCC 103014), but a significantly 
lower effect than the Stage III and IV cancer-associated fibroblasts (p < 0.01). The 
primary fibroblasts, serving as the control, showed little to no migration, as expected.  
In order to gauge whether the migration of the Cal27 cells due to the presence of 
cancer-associated fibroblasts were caused by expression of YAP/TAZ, knockdown 
experiments were conducted. Primary and cancer-associated fibroblasts were transfected 
with either siCTL or siTAZ/YAP RNA for knock down and migration assays were then 
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done to observe migratory effects. Western blots on these cell lysates ensured that the 
knockdown of these proteins was successful, as seen in Figure 10.  
Figure 10. Western blot results of TAZ/YAP knockdown of CAFs. Knockdown using 
siCTL and siTAZ/YAP RNA of primary and cancer-associated fibroblasts showed 
diminished expression of YAP and TAZ, indicating that the transfection with siRNA was 
successful. A. Primary gingiva fibroblasts and CAFs from stage I and II tumors. B. CAFs 
from AE and stage III and IV tumors. It should be noted that the primary gingiva 
fibroblast samples were not normalized.  
 
Cells that were transfected with siTAZ/YAP RNA showed no expression of YAP/TAZ, 
while those transfected with siCTL showed continued expression of the proteins. Upon 
A. 
B. 
 32 
 
seeing that knockdown of these cells was successful, transwell migration assays using 
cells that transiently knocked down YAP/TAZ expression were set up. Outcomes of these 
migration assays showed mixed results (Figure 11). It was seen that knockdown of 
TAZ/YAP inside cancer-associated fibroblasts showed significantly reduced migration of 
epithelial cells caused by CAFs from the stage III (GM 01082015) (p < 0.1) and IV 
tumors (RF 011515) (p < 0.05). Knockdown of TAZ/YAP in CAFs from the stage II 
tumor showed a slight decrease in migration of Cal27 cells (p > 0.1). However, CAFs 
from the stage I tumor showed a slight increase in migration of Cal27 cells with 
TAZ/YAP knockdown (p > 0.1). The reasoning behind this observation is unclear.  
 
Figure 11. Transwell migration assay of transient knockdown in CAFs. Knockdown 
of TAZ/YAP in CAFs from Stage I and II cancers was observed to lead to a slight 
increase of migration of Cal27 cells, contrary to what was thought. However, a similar 
knockdown in the CAFs from Stage III and IV cancers lead to significantly less migration 
of Cal27 cells (* = p < 0.05; ** = p < 0.1). 
 
 
0
100000
200000
300000
400000
500000
600000
700000
800000
M
ig
ra
ti
o
n
 o
f 
C
el
ls
 (
a.
u
.)
Cells
Migration with Knockdown of Cancer-Associated 
Fibroblasts
siCTL
siT/Y
* ** 
 33 
 
 
Overexpression of YAP in NIH 3T3 Leads to Migration  
Upon seeing that the migratory effect observed was YAP/TAZ dependent, stable 
NIH 3T3 cell lines, derived from primary mouse embryonic fibroblasts, were made 
containing the CTL, YAP 5SA, and YAP 5SA/S94A plasmids to better understand the 
mechanism behind the migration in CAFs. Two YAP mutant cell lines were created along 
with CTL cell lines: YAP 5SA and YAP 5SA/S94A mutants. The YAP 5SA mutant 
substitutes serine for alanine in five sites, preventing its phosphorylation and 
sequestration in the cytoplasm, making it a nuclear mutant (Hiemer, Szymaniak, & 
Varelas, 2014). The YAP 5SA/S94A mutant, along with containing the previous five 
substitutions, also substitutes the ninety-fourth serine residue to alanine, eliminating the 
interaction with TEAD proteins and preventing transcription.  
 Western blots from these cells showed expression of Flag-tag and GAPDH 
(Figure 12).  
 
 
 
 
 
 
 
 
Figure 12. Western blot results for NIH 3T3 
expression. Doxycycline-induced expression of 
various proteins can be seen in these Western 
blots stained with anti-Flag and anti-GAPDH 
antibodies. A. Expression of Flag-YAP in the 
CTL, YAP 5SA, and YAP 5SA/S94A mutants. 
A. B. 
C. 
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B. Expression of Flag-TAZ in the CTL, YAP 5SA, and YAP 5SA/S94A mutants. C. 
Expression of rabbit GAPDH, a form of loading control in the CTL, YAP 5SA, and YAP 
5SA/S94A mutants. 
 
Since the cells were observed to be expressing the desired proteins, transwell migration 
assay experiments with the NIH 3T3 cells on the bottom and the Cal27 cells on top were 
conducted. It was found that NIH 3T3 cells overexpressing YAP 5SA caused a 
significantly higher number of Cal27 cells to migrate as compared to cells with the CTL 
plasmid (p < 0.01) (Figure 13).  
 
Figure 13. Migration assay with NIH 3T3 TETon YAP mutant cells. Doxycycline-
induced NIH 3T3 cell overexpression of YAP 5SA, the nuclear mutant of YAP, led to a 
significantly higher migration of Cal27 cells than NIH 3T3 CTL cells (p < 0.01).  
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 The question of how overexpression of YAP in the fibroblasts led to higher 
migration of epithelial cells arose. It was thought that overexpression of YAP inside the 
fibroblasts led to production and release of a protein that somehow induced migration. In 
order to explore this idea further, conditioned media from NIH 3T3 cells was obtained 
and Western blots were run. Anti-Flag, anti-mouse YAP, and anti-Wnt5A antibodies 
were used to probe blots after running media alongside the protein precipitation from the 
media (Figure 14).  
Figure 14. Western blot results for proteins in the NIH 3T3 conditioned media. 
Conditioned media collected from doxycycline-induced NIH 3T3 cells expressing CTL, 
YAP 5SA, and YAP 5SA/S94A plasmids showed proteins such as Flag-YAP and Wnt5A 
found in media from only the YAP 5SA mutant. A. Expression of the Flag tag as stained 
by an anti-Flag antibody. B. Expression of the Flag tag as stained by an anti-Flag 
antibody after precipitating protein out with TCA. C. Expression of YAP protein as 
stained by an anti-mouse YAP antibody. D. Expression of YAP protein as stained by an 
anti-mouse YAP antibody after precipitating protein out with TCA. E.  Expression of 
Wnt5A as stained by an anti-rabbit Wnt5A antibody. F. Expression of Wnt5A as stained 
by an anti-rabbit Wnt5A antibody after precipitating protein out with TCA.  
 
Wnt5A was thought to be a potential candidate implicated in the migration effects we 
observed because it has been previously found to affect cell movement and metastasis of 
cancer (Weeraratna et al., 2002). It was observed that only conditioned media collected 
from the YAP 5SA mutant showed proteins such as YAP and Wnt5A outside the cell, 
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suggesting that these proteins were released as a transcriptional effect arising from the 
overexpression of nuclear YAP. YAP 5SA/S94A is a nuclear mutant which has not only 
a substitution of a serine to alanine in specific phosphorylation sites preventing its 
sequestration in the cytoplasm, but also a mutation of serine 94 to alanine, which 
diminishes the protein’s ability to bind to TEADs and promote transcription (Zhao et al., 
2008). While YAP 5SA/S94A protein is expressed inside the cell (Figure 14B), the 
S94A mutation results in diminished protein in the conditioned media due to diminished 
transcription of YAP-regulated proteins. (Figure 14). 
Detection of YAP and Wnt5A in the media led to an inquiry as to whether a 
migration assay with just conditioned media would show results similar to those found by 
using fibroblasts on the bottom of the transwell. Thus, additional transwell migration 
assays were set up using conditioned media obtained from NIH 3T3 cells on the bottom 
and Cal27 cells on the top (Figure 15).  
 
Figure 15. Migration assay with conditioned media from NIH 3T3 cells. Conditioned 
media obtained from doxycycline-induced NIH 3T3 cell overexpression of YAP 5SA, the 
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nuclear mutant of YAP, led to a significantly higher migration of Cal27 cells than CTL 
and YAP 5SA/S94A (p = 0.01).  
 
It was found that conditioned media obtained from the NIH 3T3 TETon PLVXTP YAP 
5SA mutants allowed for a significantly higher number of Cal27 epithelial cells to 
migrate than the CTL and YAP 5SA/S94A mutants (p = 0.01). 
These results potentiated the possibility of crosstalk between fibroblasts and 
epithelial cells. These observations indicated that some factor released by the fibroblasts 
was interacting in some way with epithelial cells to cause migration. In order to 
determine whether this factor was a protein, conditioned media from NIH 3T3 cells was 
heat inactivated and migration assays were set up again. It was found that heat 
inactivation led to loss of migratory effects by the media (Figure 16) suggesting that the 
factor responsible for the migration of epithelial cells due to the fibroblasts was, indeed, a 
protein.  
 
Figure 16. Migration assay with heat inactivated conditioned media. Heat 
inactivation of conditioned media led to loss of the migratory effects observed with 
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conditioned YAP 5SA media, indicating that the factor involved in migration of the 
Cal27 epithelial cells is a protein (* = p < 0.1).  
 
In order to further elucidate this communication between fibroblasts and epithelial 
cells, another experiment was designed to determine whether Flag-YAP, overexpressed 
in the fibroblasts and released into the media, entered the epithelial cell itself. A crosstalk 
experiment, done by adding conditioned media from NIH 3T3 cells to Cal27 cells, lysing 
those cells, and staining for Flag tag, was conducted. As shown in Figure 17, the Flag 
tag, attached to the YAP protein, was found only inside Cal27 epithelial cells to which 
the YAP 5SA conditioned media had been added. Conditioned media from CTL and 
YAP 5SA/S94A mutant cells did not show such results.   
 
Figure 17. Western blot results probing for protein transferred to Cal27 cells. 
Conditioned media from NIH 3T3 mutant cells was added to Cal27 cells, which were 
incubated for 24 hours and lysed afterwards.  The blot was probed with an anti-Flag 
antibody. 
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DISCUSSION 
 YAP/TAZ proved to be important factors influencing the migration of epithelial 
cells. Although there were no obvious correlations between the YAP levels in the CAFs 
and the stage of the tumor, there was a significant difference between the stage of the 
tumor and the resulting migration of epithelial cells by the CAFs. Stage III- and stage IV-
derived CAFs caused significantly more migration of the Cal27 epithelial cells than 
CAFs from stage I or II. Transwell experiments conducted with knockdown of YAP/TAZ 
expression in these CAFs showed that this migratory effect is dependent on YAP/TAZ. 
Although knockdown of YAP/TAZ had opposite affects in the CAFs of the earlier staged 
tumors, transient knockdown of YAP/TAZ in stage III and stage IV CAFs showed 
significantly diminished migration of the epithelial cells. To further recapitulate this 
effect, nuclear YAP was overexpressed in primary mouse embryonic fibroblasts and a 
similar effect was seen. Overexpression of nuclear YAP in NIH 3T3 fibroblasts 
significantly promoted the epithelial cell migration, proving the dependence of epithelial 
cell migration on expression of YAP by fibroblasts.  
Although transient knockdown of YAP/TAZ in these experiments showed 
reduced migration of epithelial cells, previous literature has shown that knockdown of 
TAZ alone in CAFs does not show the same effects (Calvo et al., 2013). The same study 
showed, however, that knockdown of YAP alone duplicates the migratory effects seen 
with the double YAP/TAZ knockdown in CAFs. This shows the stronger dependence of 
epithelial cells on YAP than TAZ. However, it is important to note that the Calvo et al. 
study (2013) was conducted using breast cancer cells. Whether or not the same is true in 
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oral cancer cells is not known. In other studies looking at YAP and TAZ in various 
different contexts, there seems to be a synergistic effect when both YAP and TAZ work 
together compared to one working in the absence of the other. Although the Calvo et al. 
study did not show this synergistic effect in breast cancer cells, it could be possible that 
oral cancer cells exhibit this effect. Further studies looking at the migration of oral 
epithelial cells caused by knockdown of TAZ and YAP alone must be conducted to 
determine whether knockdown of one of these proteins has a stronger effect than the 
other and whether there is a synergistic effect of YAP with TAZ.  
 Whether the migratory effect is directly linked to YAP/TAZ expression is also not 
clear. It could be that YAP overexpression in cells activates other biological pathways 
that promote migration of epithelial cells. The Calvo et al. (2013) study provided a model 
which included an indirect role of YAP in the invasion of tumor cells. They suggested 
that YAP deregulation and overexpression leads to remodeling of the ECM. Increased 
YAP leads to increased remodeling, which paves the way for tumor invasion, providing 
an indirect means of YAP causing migration of cancer cells. However, it is also possible 
that YAP has a direct mechanism in the migration of epithelial cells as well. It was 
observed that YAP is secreted extracellularly, based on expression of a fusion protein in 
fibroblasts and subsequent detection inside epithelial cells. Flag-YAP that was produced 
by the fibroblasts was found present outside in the media as well as inside epithelial cells 
which had no means to produce the Flag tag. Thus it was obvious that YAP itself is 
produced and released by the fibroblasts and enters the epithelial cells. This establishes a 
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clear crosstalk between fibroblasts and epithelial cells. How this crosstalk occurs is also 
unclear.  
It is thought that YAP is secreted from the fibroblasts in exosomes targeted 
specifically for tumor cells. Once the exosomes fuse with the tumor cells, they release 
their proteins, triggering an intracellular cascade, which may lead to various biological 
pathways. Further elucidation to whether exosomes play a role in shuttling the secretion 
protein from the fibroblasts to the epithelial cells could be done by fractionating the 
media to precipitate out particulate materials and comparing the supernatant to the pellets 
in migration assays. Another method could be to digest proteins with an enzyme such as 
Proteinase K to determine whether the migratory effects are caused by a soluble secreted 
protein. If the proteins are contained within exosomes, they would be insensitive to 
Proteinase K.  
 It is, however, clear that nuclear YAP is necessary to drive the migratory effects 
observed in these experiments. YAP, once bound to TEADs, promotes transcription of 
genes that code for a variety of proteins. It is unclear, though, whether YAP produced by 
the fibroblasts is the impetus for migration of epithelial cells. This together with the 
observation of the presence of Wnt5A in the conditioned media of the NIH 3T3 cells 
begs the question of whether it is one of these proteins that is responsible for the 
migration of epithelial cells. It is clear that in addition to YAP, various other proteins are 
also released by fibroblasts and may possibly enter epithelial cells.  It is also possible that 
the presence of Flag-YAP inside the epithelial cell serves another function, such as 
regulating a different pathway. It is extremely likely that numerous other proteins are 
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released, along with YAP and Wnt5A, and serve a different purpose in the maintenance 
and progression of the tumor. Perhaps the presence of these proteins inside epithelial 
cells, collectively, drives the migration of the tumor.  
 In order to elucidate this effect further in terms of the crosstalk occurring between 
fibroblasts and epithelial cells, it is important to determine the factor driving deregulation 
of YAP/TAZ in cancer-associated fibroblasts. Are the epithelial cells within the tumor 
secreting factors that drive surrounding fibroblasts to change their expression of 
YAP/TAZ and other proteins? Once deregulated, past research and this current study 
show that fibroblasts located within the tumor stroma create a mechanism feeds the 
tumors. Although specific mechanisms are hazy, it is clear that the tumor and tumor 
stroma communicate, and it is this communication that allows for the progression and 
eventual metastasis of the tumor. Evidence from this study shows that factors released by 
the fibroblasts find their way inside the epithelial cells.  
To determine which factor released by the fibroblasts and found inside the 
epithelial cell actually leads to the migration of epithelial cells requires further studies. 
Experiments possibly overexpressing either and both YAP and Wnt5A in fibroblasts or 
knocking down Wnt5A could help determine whether direct Wnt5A is involved in 
migration of epithelial cells. The conditioned media from the NIH 3T3 cells could also be 
analyzed further to determine which other proteins are present in the media. Additionally, 
media from the CAFs could also be analyzed and compared to conditioned media from 
NIH 3T3 cells to see whether there are any factors that are present in both. Once possible 
candidates are found, further experiments looking at the effects of each of these proteins 
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in epithelial cells could be conducted with knockdown of these proteins. This would help 
determine which protein is aiding in the migration of epithelial cells. Additionally, 
experiments to determine the fate of Flag-YAP produced by fibroblasts and found inside 
epithelial cells could prove to be useful to determine whether YAP is directly responsible 
for epithelial cell migration.  
 Additionally, an important idea to consider is that these experiments are all 
conducted in vitro. Whether the same effects are found in vivo is unknown. Conducting 
migration studies with mice could help verifying whether the migration effect observed in 
vitro is also observed in vivo. By injecting mice with tumor cells containing fluorescent 
proteins and CAFs known to cause migration of epithelial cells in vitro and seeing 
whether these tumor cells invade other tissues would prove that the migration effect can 
be seen in vivo as well. Cal27 cells, known to be non-metastatic oral squamous carcinoma 
cells, would be excellent candidates for this experiment. If these specific tumor cells are 
observed to invade other tissues with the help of CAFs, it would prove the importance of 
YAP/TAZ in the migration of tumors.  
 Another factor to consider is whether this YAP-regulated migration is an effect 
found only in specific cancers, such as oral cancer. This phenomenon must be 
investigated in other cancer systems to determine whether YAP expression plays a role in 
the migration of epithelial cells in those cancers. Calvo et al. (2013) showed the 
importance of YAP from CAFs in the migration of epithelial cells from a breast cancer 
cell line. Whether or not this is true of other cancers is unclear. If a similar correlation 
between YAP expression and epithelial cell migration is found, it could be the beginning 
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of a new direction for cancer treatment. Further studies must be conducted to solidify the 
role of YAP/TAZ in the migration and invasion of tumors. Though there have not been 
an overwhelming number of studies looking at the role of YAP/TAZ in the migration of 
epithelial cells, this study provides some evidence of the importance of YAP within the 
tumor stroma and its effects on the epithelial cells. 
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